We report a density-functional study of the heteronuclear CoIr dimer adsorbed on benzene or graphene. In either case CoIr prefers an upright position above the center of a carbon hexagon with the Co atom next to it. The Ir atom stays away from the carbon ring and thus preserves its free-atom-like properties. This results in a very large magnetic anisotropy of more than 0.2 eV per dimer. So high a value should suffice for long-term data storage at the temperature of liquid nitrogen.
Graphene has recently attracted much attention in both applied and fundamental science. Owing to its novel properties, graphene opens new perspectives for post-silicon electronics 1 , spintronics 2 , chemical sensor 3 , hydrogen storage 4 , touch-screen panel 5 , and further applications 6 . Recently, our density-functional-theory (DFT) investigations revealed that both benzene and graphene are suitable substrates to adsorb some transition-metal dimers (TMD) in a magnetic state of potential interest for high-density magnetic data storage 7, 8 . The hexagonal environment provided by the carbon ring preserves the electronic structure characteristics of the free Co dimer, which results in a magnetic anisotropy energy (MAE) of the order of 100 meV per dimer 7 . A systematic DFT study of a whole series of dimer-benzene complexes including the 3d and 4d TMD Fe 2 , Co 2 , Ni 2 , Ru 2 , Rh 2 , and Pd 2
shows that promisingly large MAE, stable geometry, and stable magnetic ground state are also found in Ru 2 Bz (Bz = C 6 H 6 ). 8 These findings may open a way to enhance the presently available area density of magnetic recording by up to three orders of magnitude. Considering that a minimum MAE of 40 kT is required for long-term data stability 9 , the reported 7, 8 MAE could be sufficient to operate a magnetic storage device at about 30 K. The aim of the present work is to seek a possibility to further raise the MAE of TMD complexes in order to extend the expected operation range to the temperature of liquid nitrogen.
Spin-orbit interaction in a magnetic state is the primary source of MAE 10 . Recent DFT calculations found that in the Co group, along with the increasing strength of the spin-orbit coupling parameter, the free dimer MAE increases from Co 2 to Ir 2 . 11-15 Thus, depositing 5d-TMD like Ir 2 , on Bz or on graphene (Gr) might be expected to result in a larger MAE of the dimer-carbon system than in the related 3d-TMD case. Previous studies however tell us that chemical binding to surfaces frequently reduces the magnetic moment of 4d or 5d metals due to their relatively small intra-atomic exchange (Stoner) integrals 16 . For example, the calculated ground states of Rh 2 or Pd 2 adsorbed on Bz are non-magnetic. 8 Heterodimers of 3d and 5d elements would combine a large Stoner integral (3d) with strong spin-orbit coupling (5d).
Electronic structure analysis suggests that only a perpendicular (upright) arrangement of the dimer on Bz or Gr (local symmetry C 6v ) is helpful to preserve the large MAE of the dimer 8 . In such a configuration, Fig. 1 (a For CoIrGr, 9 initial configurations were considered, denoted by cc , mm , tt , ⊥ cCoIr , ⊥ cIrCo , ⊥ mCoIr , ⊥ mIrCo , ⊥ tCoIr and ⊥ tIrCo . Here, ⊥ or mean that the dimer axis is oriented perpendicular or parallel to the Gr plane, respectively; c, m, and t denote that Co and Ir are placed above the center of a carbon ring, above the midpoint of a C-C bond, or on top of a C atom, respectively. In the ⊥ configurations, the atom mentioned first is next to the Gr plane. All carbon positions were fixed in the plane with a C-C bond length of 1.42Å.
The MAE of CoIrBz or CoIrGr in the ground state was computed as the energy difference, Benzene is a good model system to describe the main characteristics of dimer adsorption on graphene 7, 21 . In Fig. 1 we present the ground state and the four lowest-energy isomers of the CoIrBz complex, obtained by the described optimization. In the ground state, the CoIr dimer is bound perpendicularly to benzene with Co next to the carbon ring (C 6v symmetry, Fig. 1(a) ). The distance between Co and Ir in the free dimer is 2.13Å. This metal-metal bond length is increased by only 3% in the cases of upright adsorption ( Fig. 1(a 
while it is enlarged by about 10% in the parallel adsorption modes ( Fig. 1(b) , (c), (e)). The dimer adsorption energy, E ad , in the ground state is 1.51 eV, which is comparable to the E ad value of Co 2 Bz, 1.47 eV (Tab. I). We also notice that the calculated E ad of Ir 2 Bz, 1.74 eV, is larger than that of Co 2 Bz or CoIrBz. For an upright adsorption with Ir next to Bz (not shown in Fig. 1 ), we found a ferrimagnetic state with E ad = 0.94 eV and S = 1 at almost the same energy as a ferromagnetic state with S=2.
A detailed understanding of adhesion and isomer energies is complex and beyond the scope of this paper. It would require consideration of the transition-metal level positions in different spin states, their different orbital overlap and their element-specific Stoner integrals.
To give just one example, we note that the Co contribution to the bonding π-states of CoIrBz situated at about -8 eV (Fig. 2) is quite different in the two spin channels. This originates from the spin-splitting of the CoIr-π states, right-hand panel of Fig. 2 , and the resulting unequal energy differences from the Bz-HOMO level.
The ground-state spin of CoIrBz, S = 2, equals that of the free CoIr-dimer. This makes a welcome difference to Ir 2 , whose moment is completely quenched when it is adsorbed by benzene. Using the heteronuclear dimer CoIr instead of Ir 2 protects the magnetism of the heavy atom since it stays atop and preserves its free-atom-like properties to a large extent.
In the ground state of the CoIrBz complex, the magnetic moments of Co and Ir are about Finally, we investigated the properties of a CoIr dimer deposited on graphene. Structural optimizations of all 9 initial configurations confirm that the CoIr dimer is adsorbed by Gr in an upright position with local symmetry C 6v , and that the Co atom prefers to occupy the position next to the Gr plane. The calculated dimer adsorption energy for the ground state amounts to 0.63 eV, and the relative energy of two separate adatoms to a bound dimer, 
